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Abstrat
Our knowledge about the dynamis, the hemial abundanes and the
evolutionary histories of the more luminous dwarf spheroidal (dSph)
galaxies is onstantly growing. However, very little is known about
the enrihment of the ultra-faint systems reently disovered in large
numbers in large sky surveys. Current low-resolution spetrosopy and
photometri data indiate that these galaxies are highly dark matter
dominated and predominantly metal poor. On the other hand, reent
high-resolution abundane analyses indiate that some dwarf galaxies
experiened highly inhomogenous hemial enrihment, where star for-
mation proeeds loally on small sales. In this artile, I will review
the kinemati and hemial abundane information of the Milky Way
satellite dSphs that is presently available from low- and high resolution
spetrosopy. Moreover, some of the most peuliar element and inhomo-
geneous enrihment patterns will be disussed and related to the question
of to what extent the faintest dSph andidates ould have ontributed to
the Galati halo, ompared to more luminous systems.
1 Introdution
Dwarf spheroidals (dSphs) are the most ommon type of galaxies in the Loal
Group and generally found in the proximity (typially loser than 300 kp)
of larger galaxies like the Milky Way (MW) or the Andromeda galaxy, M31.
Their very low luminosities (MV >∼ −14 mag) and low surfae brightnesses
(µV >∼ 22 mag arse
−2
) also render them the faintest galaxies known to exist
in the universe. They are further haraterized by total masses of a few 10
7
M⊙ and a puzzling deieny of gas, with upper limits on their H I masses
of typially
<
∼ 10
5M⊙. This is far below the values expeted from red giant
mass loss even on the time sale of several Gyr (see Grebel et al. 2003, and
referenes therein, for a reent review of the properties and possible origins
of the more luminous dSphs). Moreover, the dSphs are fairly metal poor
systems, with mean metalliities [Fe/H℄ reahing from a. −1 to −2 dex,
while individual stars are found as metal poor as almost ∼−3 dex.
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All nearby dSphs, for whih suiently deep data are available, the MW
and the Magellani Clouds share a ommon epoh of anient star formation
(SF) within the measurement auray (Grebel & Gallagher 2004). Some of
the dSphs ontain dominant intermediate age populations as well (e.g., Gal-
lart et al. 1999), or even signs of some reent SF. In those galaxies that
host distint sub-populations in age and/or metalliity, there is evidene of
population gradients (Harbek et al. 2003; Tolstoy et al. 2004; Ibata et al.
2006) in the sense that the metal rih and younger populations are more en-
trally onentrated than the old and metal poor ones. This is interpreted
through deeper potential wells in their enters, whih an retain the gas for
longer times, thus allowing for prolonged hemial enrihment in these re-
gions. This extended enrihment also results in a number of intriguing saling
relations, suh as the well established metalliity-luminosity relation (Dekel
& Woo 2003; Kirby et al. 2008a).
Finally, their at veloity dispersion proles, their lak of any signiant
rotation and the lak of a depth extent of the dSphs have led to the notion that
these galaxies are most likely the most dark matter dominated galaxies known
to exist (e.g., Gilmore et al. 2007). Their mass to light (M/L) ratios derived
under simplied assumptions thus reah up to several hundred in Solar units,
although the role of Galati tides in the interpretation of the dSphs' nature
and evolution is still under debate (Kroupa 1997; Read et al. 2006; Muñoz et
al. 2008; Peñarrubia et al. 2008a). In an oft-shown plot of magnitude versus
the galaxies' radius, however parameterized (Fig. 1; see also Gilmore et al.
2007; van den Bergh 2008; Martin et al. 2008), the dSphs and the Galati
globular lusters (GCs) learly separate: while the GCs ut o at sizes of
<
∼30 p, the dSphs exhibit typial radii in exess of ∼ 70 kp. An attrative
explanation is that the dSphs ontain large amounts of dark matter, whih
forms ored mass distributions of a harateristi sale length of the latter
size, while the GCs do not (eg., Gilmore et al. 2007).
The reently disovered ultrafaint dSphs extend the aforementioned ex-
tremes even further, with absolute magnitudes well above MV > −6, and
stellar masses in the regime of a mere several thousand to a few ten thousand
solar masses. Typial ore- or half-light radii of these galaxies are of the order
of 70 to a few hundred kp as well (Fig. 1), with the exeption of a few objets
that progressively satter into the gap and the nature of whih is yet unlear
(see Set. 1.1). Also these galaxies ontain old populations of at least 12 Gyr
and they are more metal poor on average than the previously known, more
luminous ounterparts; their mean metalliities reah as low as ∼−2.5 dex
(Simon & Geha 2007). While no star more metal poor than [Fe/H℄< −3 dex
has been found in any of the lassial dSphs (e.g., Koh et al. 2006;2007a,b),
several suh metal poor stars, down to −3.3 dex have been deteted in the
ultrafaint galaxies (Kirby et al. 2008a).
Deep photometri studies have revealed omplex individual properties of
both the more luminous and the ultrafaint dSphs. Spetrosopy, though
sparse, has beome available for even the fainter stars in the luminous dSphs
and in a few of the faintest satellites. Yet, the detailed properties of these
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Figure 1: Magnitude vs. half-light radius plot for Galati globular lusters
(blak points), the traditional dSphs (blue squares) and the ultrafaint galaxies
(red irles), using data from Harris (2003); Gilmore et al. (2007); Koposov
et al. (2008); Martin et al. (2008); Koh et al. (2009). The dashed lines
indiates the luminosity of the tip of the red giant branh for an old (12 Gyr),
metal poor (−2.3 dex) population, using a Dartmouth isohrone (Dotter et al.
2008) and the mean empirial red lump magnitude, after Girardi & Salaris
(2001).
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latter galaxies remain poorly investigated until now. How and on what time
sales does SF proeed in the faintest, lowest-mass galaxies? How did galati
winds, outows or infall of gas, or mixing inuene their evolution and what
role did external eets suh as Galati tides play?
Cosmologial simulations like ΛCDM predit a wealth of small-sale sub-
struture that gradually merges to hierarhially form large-sale strutures
like present day galaxies suh as the MW or M31. As a onsequene, our
Galaxy is expeted to be surrounded by a large number (hundreds) of dark
matter halos. It has been onjetured, whether the present-day dSphs ould
be related to these predited building bloks, but over the years a number
of strong arguments against suh a simplisti view have arisen (Moore et al.
1999). One notion was that the number of observed satellites is too low by
a fator of several hundred too small ompared to the theories. This miss-
ing satellite disrepany is nowadays muh alleviated, if one aounts for the
wealth of newly disovered satellites (Setion 1.1) and eient mehanisms
to suppress SF in the dark matter halos at early times, before and during re-
ionization (Robertson et a. 2005; Font et al. 2006; Moore et al. 2006; Simon
& Geha 2007; Strigari et al. 2007; Tollerud et al. 2008). At what redshifts
were the true stellar building bloks then areted and how do they relate
to the observed population of surviving dSphs; thus: how and when did the
(ultrafaint) dSphs form and evolve and how do they t into the osmologial
ΛCDM models? In partiular, what fration of dSph-like systems ontributed
to the build-up of the stellar halo of the MW?
In this paper, I will review the most reent results that an be gleaned from
spetrosopy both in the traditional, more luminous dSphs and the (ultra-)
faint ompanions to the MW. This will reveal a high degree of omplexity of
these intriguing systems, not only in terms of their individual properties and
evolution, but also in the ontext of their rle for our understanding of osmo-
logial struture formation. I will start by attempting a present ensus of the
traditional and ultrafaint dSphs. In Setion 2, the kinemati properties of the
dSphs will be summarized and a brief aount of their dark matter properties
will be given. Setion 3 rst fousses on the general metalliity distributions of
the dwarfs that are predominantly obtained from low-resolution spetrosopy,
before disussing in detail their hemial abundanes from high-resolution
data. Setion 4 nally summarizes the overall ndings with a perspetive for
future observations.
1.1 A ensus
The dSphs have always been haraterized as very low-luminosity systems,
with absolute magnitudes fainter than −14 mag. For instane, by the time of
its disovery (Cannon et al. 1977), the Carina dSph was among the faintest
galaxies ever known in the Universe (MV = −9.3). Thirty years later, the
advent of large-sale sky surveys like the Sloan Digital Sky Survey (SDSS;
Stoughton et al. 2002) or ambitious wide eld surveys using, e.g., CTIO's
MegaCam (Martin et al. 2006), the INT/WFC instrument (Irwin et al. 2007)
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or the KPNO Mosai imager (Majewski et al. 2007), has led to the disovery
of a vast number of even fainter dSph satellites to the MW (Willman et al.
2005a,b; Belokurov et al. 2006a, 2007a; Zuker et al. 2006a,b; Walsh et al.
2007; Grillmair 2008) and M31 (Zuker et al. 2004, 2007, 2008; Martin et al.
2006; Majewski et al. 2007; MConnahie et al. 2008), thereby traing the
galaxy luminosity funtion further down to the ultrafaint end (e.g., Koposov
et al. 2008). Table 1 lists the main properties of the urrently known dSph
andidates of the MW system that are relevant for this review. As Fig. 1
implies, many of these new satellites are omparable in magnitude to the
(Galati) GCs, while their spatial extent an extend to up to two orders
of magnitude higher. The resulting very low surfae brightnesses render it
obvious that they have been so elusive from past shallower sky surveys.
And yet the terminology regarding this new generation of satellites is often
misleading: In the literature, ultrafaint is generally applied to those dSphs
reently disovered in the SDSS or other sky surveys. One should keep in
mind, though, that some of these objets are still relatively bright; for in-
stane CVn I (Zuker et al. 2006b) is as luminous as the traditional dSph
Drao, and with a half light radius of ∼560 p also the most extended MW
dSph, while the Herules dwarf (Belokurov et al. 2007a), at MV = −6.6, has
about one tenth of Drao's luminosity. Thus, for a lear distintion, the label
ultrafaint dSph should stritly be applied to systems fainter than a magni-
tude ut o at MV >∼ −6 mag. Throughout this review, the more luminous
dSphs, meaning those known in the pre-SDSS era, will also be referred to as
the traditional or lassial dSphs.
A number of the faintest galaxies have total absolute magnitudes that are
omparable or even fainter than the absolute magnitude of the tip of (theo-
retial) red giant branhes (RGBs; dashed line in Fig. 1) and their olor mag-
nitude diagrams (CMDs) show only a handful of evolved stars. At suh low
magnitudes, these galaxy-ontenders are reminisent of the faintest, peuliar
halo lusters (AM 4, Palomar 1, Kop 1, 2; Inman & Carney 1987; Rosenberg
et al. 1998; Koposov et al. 2007) that stand out through their absene of any
signiant RGB, although the dSph radii are larger by a fator of up to ten.
Considering this sparsity in olor-magnitude spae and the fat that a few of
these objets oupy the gap or transition region in the magnitude vs. radius
plot (Fig. 1), the atual nature of the faintest stellar overdensities (Segue 1,
Willman 1, Boötes II) remains unlear (see also Liu et al. 2008). In partiu-
lar, their relatively small radii have prompted suggestions that these systems
may be inated star lusters, dense parts of tidal streams or heavily tidally
stripped dwarf galaxies rather than lassial old and metal poor dSphs. Other
interpretations argue that these ultrafaint objets ould be the stripped rem-
nants from larger satellites suh as the disrupted Sagittarius system (Ibata et
al. 1994; Koh et al. 2009).
At present, there are nine luminous dSph satellites known to belong to
the MW and of the order of 1215 faint to ultrafaint satellites, modulo the
aforementioned unertainties in the lassiation of some of the faintest an-
didates. The ount of M31 satellites, on the other hand, has reahed as far
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D⊙ rh <vrad> σ (M/L)V
dSph
[kp℄ [p℄
MV
[km s
−1
℄ [km s
−1
℄
<[Fe/H℄> σ[Fe/H℄
[(M/L)⊙℄
Sagittarius 28±3 >∼500 −13.4 149.4±0.6 9.6±0.4 −0.5 0.8 ∼22
Fornax 138±8 400 −13.2 55.2±0.1 11.7±0.9 −1.3 0.5 14.8±8.3
Leo I 250±30 330 −11.9 284.2±1.0 9.9±1.5 −1.3 0.2 23.5±4.5
Sulptor 79±4 160 −11.1 111.4±0.1 9.2±1.1 −1.5 0.5 158±33
Leo II 205±12 185 −9.6 79.1±0.6 6.6±1.5 −1.7 0.2 33±5.75
Sextans 86±4 630 −9.5 224.3±0.1 7.9±1.3 −1.9 0.4 70±10
Carina 101±5 290 −9.3 222.9±0.1 6.6±1.2 −1.7 0.3 116±24
Ursa Minor 66±3 300 −8.9 −245.2
+1.0
−0.6 12.0 −1.9 0.7 275±35
Drao 76±5 221±16 −8.8 −290.7
+1.2
−0.6 13.0 −2.0 0.7 290±60
Canes Venatii I 218±10 564±36 −8.6±0.2 30.9±2.0 7.6±0.4 −2.1 0.5 221±108
Herules 132±12 330
+75
−52 −6.6±0.3 45.0±1.1 5.1±0.9 −2.6 0.5 332±221
Boötes I 66±3 242
+22
−20 −6.3±0.3 99.0±2.1 6.5
+2.0
−1.4 −2.1,−2.5 0.3 680±275
Ursa Major I 97±4 318
+50
−39 −5.5±0.3 −55.3±1.4 7.6±1.0 −2.3 0.5 1024±636
Leo IV 160
+15
−14 116
+26
−34 −5.0±0.6 132.3±1.4 3.3±1.7 −2.6 0.8 151±177
Canes Venatii II 160
+4
−5 74
+14
−10 −4.9±0.5 −128.9±1.2 4.6±1.0 −2.2 0.6 336±240
Ursa Major II 30±5 140±25 −4.2±0.5 −116.5±1.9 6.7±1.4 −2.4 0.6 1722±1226
Coma Berenies 44±4 77±10 −4.1±0.5 98.1±0.9 4.6±0.8 −2.6 0.5 448±297
Boötes II 46±4 56±12 −2.7±0.9 −117.0±5.2 10.5±7.4 −1.8 0.1 . . .
Willman I 38±7 25
+5
−6 −2.7±0.7 −12.3±2.5 4.3
+2.3
−1.3 −1.5 0.4 ∼500
Segue 1 23±1 29
+8
−5 −1.5
+0.6
−0.8 206.0±1.2 4.3±1.3 −3.3 . . . 1320±2680
SDSS J1058+2843 24
+3
−2 22
+5
−4 −0.2
+1.1
−1.0 . . . . . . . . . . . . . . .
Leo T 407±38 178±39 . . . 38.1±2.0 7.5±1.6 −2.0 0.5 138±71
Boötes III 46±1 ∼1000 . . . . . . . . . . . . . . . . . .
Table 1: Properties of the lassial and the ultrafaint dSphs relevant for this
review: (1) Name; (2) helioentri distane; (3) half-light radius; (4) absolute
V-band magnitude; (5,6) radial veloity and overall veloity dispersion; (7,8)
mean metalliity and 1σ-spread; (9) V-band mass-to-light ratio. Soures for
the data are Mateo (1998); Grebel et al. (2003); Wilkinson et al. (2004);
Koh et al. (2006, 2007a, 2007b); Gilmore et al. (2007); Simon & Geha
(2007); Bellazzini et al. (2008); Martin et al. (2008); Walker et al. (2009);
and referenes therein. Values for Boötes II, III and Segue 1 were adopted
from Koh et al. (2009); Grillmair (2008) and Geha et al. (2008); while
metalliity measurements for the remaining ultrafaint galaxies are from Mar-
tin et al. (2007); Kirby et al. (2008a). Spetrosopi metalliities on the
sale of Carretta & Gratton (1997) were adopted where available. For om-
pleteness I list both deviating [Fe/H℄ measurements from the spetrosopi
studies of Muñoz et al. (2006) and Martin et al. (2007) for Boötes I. Listed
veloities and dispersions do not distinguish between laims of kinematial
substrutures, if present (e.g., CVn I; Ibata et al. 2006). Although listed, the
disrupting Sagittarius dSph deviates from all stated relations and is exluded
from the disussions in this review.
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as And XX (MConnahie et al. 2008), although it should be noted that
And IV turned out to be a bakground galaxy (e.g., Ferguson et al. 2000),
and And VIII is likely a tidal disrupted system and assoiated with M31 halo
streams (Morrison et al. 2003). In either ase, the disovery rate is proeeding
at a fast pae and a wealth of new suh objets is expeted in the near future.
2 Kinematis
Radial veloities of the dSphs are usually measured from the Doppler shifts
of prominent absorption features in red giant spetra. Depending on the
spetrographs' wavelength overage and the ahieved signal-to-noise ratios,
the most ommon spetral referene features are the magnesium triplet lines
at ∼5150Å (e.g., Walker et al. 2007) and the near-infrared alium triplet
(CaT) lines at ∼8500Å (e.g., Kleyna et al. 2002; Koh et al. 2007a,; see
also Fig. 3). Nowadays individual radial veloities in dSphs are published
for several thousand stars in all of the more luminous galaxies, e.g., Fornax
(Walker et al. 2009) or Carina (Koh et al. 2006; Muñoz et al. 2006a;
Walker et al. 2009), a few hundred in the lassial Sextans, Drao, Ursa
Minor and Sulptor (Kleyna et al. 2004; Wilkinson et al. 2004; Battaglia
et al. 2008a; Walker et al. 2007,2009) and of the order of 50200 in the
fainter and/or remote dSphs like Boötes I, CVn I, Leo I and II (Muñoz et
al. 2006b; Ibata et al. 2006; Koh et al. 2006a,). Reassuringly, present-day
aurate radial veloity dispersion proles from the numerous data sets have
pratially onrmed mass estimates from earliest measured entral dispersion
values (e.g., Aaronson 1983).
Typially, the stellar veloity dispersions in the traditional dSphs are of the
order of 10 km s
−1
; their radial veloity dispersion proles remain essentially
onstant out to the last observed data points. In fat, most of the dSph
proles have been mapped out to the large radii, typially a few tens of ar
minutes (see also Fig. 1), at whih their surfae brightnesses level o into
the bakground
1
. Given the low stellar densities in the outer parts, however,
the outer radial bin in the proles usually ontains only few stars, leading
to larger unertainties for these outermost data points. Deviations from a
at dispersion prole have been reported for individual ases, suh as Ursa
Minor (Wilkinson et al. 2004) with a signiantly older population in the
outer parts, or Leo I (Koh et al. 2007a), whih shows an indiation of a rising
prole in the innermost parts (f. Sohn et al. 2007; Walker et al. 2007). Yet all
the observed proles are statistially onsistent with simple, single-population
mass models (Gilmore et al. 2007), without the need to invoke superpositions
of multiple stellar populations with dierent dispersions or sale lengths (e.g.,
MConnahie et al. 2006).
In the ultrafaint satellites the RGB beomes progressively fainter and
1
Under a ommonmisoneption, this is often paraphrased as the tidal radius, although
a simple term as stellar limiting radius seems more appropriate in the ontext of tides
and the dSphs (see, e.g., disussions in Koh et al. 2007a; Gilmore et al. 2007).
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sparser and muh of the observing time is spent of vetting Galati fore-
ground ontamination, unless methods are used for target seletion that per-
mit dwarf/giant separation, suh as Strömgren photometry (e.g., Faria et al.
2007), Washington photometry (e.g., Majewski et al. 2000) or photometri
ombinations (e.g., Koh et al. 2008). This aggravates the measurability of
aurate veloity distributions and mostly inhibits determinations of spatially
resolved, i.e., radial, veloity dispersion proles. Typially, a handful to a few
dozens of member stars are measured within eah of the ultrafaint galaxies
(e.g., Simon & Geha 2007; Geha et al. 2008; Koh et al. 2009). As a result,
the ultrafaint dSphs exhibit lower veloity dispersions on average, typially in
the range of 37 km s
−1
(Table 1).
Coupled with the delining surfae brightness proles in the dSphs, their
at radial dispersion proles are inonsistent with simple mass-follows-light
models, but rather indiate that the dSphs are embedded in massive dark
matter halos. Estimates of their total masses from the entral dispersion, σ,
whih sales as Mtot ∝ rc σ
2
(with ore radius rc; King 1996; Illingworth
1976) already imply masses for the traditional dwarfs of a few times 107 M⊙
and of the order of a few times 106 M⊙ for the ultrafaint dSphs. Coupled
with the very low luminosities of these galaxies, this further indiates high
mass-to-light (M/L) ratios of up to several hundred in Solar units (see also
Mateo 1998; Table 1; and referenes therein). These extreme values have led
to early onjetures that the dSphs are likely the most dark matter dominated
objets to exist on small sales. Alternative views to interpret the observed
dynamis of the dSphs, however, leave room for modied gravity theories
(MOND; e.g., okas 2001,2002) or to identify them as tidal remnants (e.g.,
Kroupa 1997), both without the need to invoke dark matter. In partiular
the latter is, however, at odds with the lak of a depth extent of the dSphs,
as shown by Klessen et al. (2003).
Detailed mass proles are then derived from the radial veloity dispersion
proles. The most straightforward approah applies the Jeans equations to
relate the underlying total mass distribution to the observed brightness pro-
les and kinematis of the traers, viz. the red giants (Binney & Tremaine
1987), although sophistiated nonparametri models are progressively devel-
oped (e.g., Wang et al. 2005; Strigari et al. 2007). Although widely applied,
the mass determinations via the Jeans equations should be taken with aution,
given the number of simpliations that enter the modeling. Amongst these
are the assumption of spherial symmetry, veloity isotropy and the assump-
tion of dynamial equilibrium, that is, neglet of Galati tides. That these
are mostly too simplisti is illustrated, e.g., by the ases of Herules, whih
shows an unusually large elongation that may be of tidal origin (Coleman et
al. 2007; Martin et al. 2008), Ursa Maior II with its irregular shape (Zuker
et al. 2006a; Belokurov et al. 2007b; Fellhauer et al. 2007) and relatively high
veloity dispersion (Martin et al. 2007; Simon & Geha 2007), and the prime
example of Sagittarius, whih is learly undergoing tidal disruption during its
aretion onto the MW (Ibata et al. 1994). Moreover, the anisotropy parame-
ter in the models is degenerate with the shape of the (inner) density prole; the
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ts of present-day veloity dispersion proles are unable to statistially dier-
entiate between onstant or radially varying veloity anisotropy (e.g., okas
2002; Koh et al. 2007a,; Battaglia et al. 2008a), nor an they onlusively
distinguish between ored or usped density proles unless higher moments of
the veloity distributions are taken into aount (e.g., okas 2009). Although
purely kinemati data are not yet suient to resolve the ontroversy of os-
mologially motivated usped (Navarro et al. 1997) versus empirial, ored
density proles (e.g., Hernquist 1990; okas 2002; Kleyna et al. 2003; Read
& Gilmore 2005; Sanhez-Saledo et al. 2006), other piees of evidene favor
ored inner mass distributions. In partiular, phase-spae substrutures in
some dSphs resembling star lusters (Kleyna et al 2003) or even an intat GC
system like in Fornax (Goerdt et al. 2006) would have quikly dispersed in
the presene of an inner density usp. Also, in ases where tentative evidene
of two or more subpopulations may be present, whether distint in kinemat-
is, metalliity and/or age (as, e.g., laimed for Sulptor or CVn I; Tolstoy et
al. 2004; Ibata et al. 2006), single-population Jeans modeling may not yield
aurate results (MConnahie et al. 2006; Battaglia et al. 2008a).
On the other hand, apart from the few lear ases disussed above that are
in a state of tidal disruption, dSphs are pressure supported systems in whih
no net rotation has been deteted to date (Koh et al. 2007a,; Gilmore et al.
2007; but see also Sohn et al. 2007; Muñoz et al. 2008; for an alternate view),
whih again argues in favor of them being dark matter dominated objets.
However, any signiant tidal stirring would predominantly at only at large
radii that are mostly outside the presently targeted areas (e.g., Peñarrubia et
al. 2008b). Another important notion regarding Galati tides, if ating, is
that they eiently remove mass from the dSphs over their life times (e.g.,
Read et al. 2006; Muñoz et al. 2008). Thus the observed total mass and mass
proles are not neessarily representative of the initial mass, as usually nothing
is known about their mass loss history. This permeates the interpretation of
the dSphs' whole evolutionary histories: If a galaxy started with a muh
larger initial (stellar) mass, it will have experiened a muh dierent (viz.
prolonged) hemial enrihment. Thus suh heavily aeted systems would
seem too metal rih for their present day mass or luminosity so that they tend
to deviate from well-dened saling relations like the metalliity-luminosity
relationship. This is in fat seen in a few of the ultrafaint andidates suh as
Boötes II (Koh et al. 2009; see also Set. 3.1).
One of the earliest notions on the masses of the dSphs was that of Mateo
et al. (1993) and Mateo (1998), namely that M/L sales with the galaxies'
luminosity. This was onrmed with the new and better measurements of the
luminous dSphs and expanded to the (ultra-) faint regime. Fig. 2 shows an
updated version of the Mateo-plot using the presently available data. The nar-
row trend that is outlined by the more luminous satellites implies a ommon
underlying dark matter halo mass sale, in whih the dSphs are embedded.
Depending on an assumed stellar M/L (usually hosen as 13 (M/L)⊙), the
present data are onsistent with a halo mass of a few times 107 M⊙ (gray
shaded area in Fig. 2). The ultrafaint galaxies, however, deviate from the
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Figure 2: Mateo-plot of mass to light ratio vs. absolute magnitude of the
traditional, more luminous dSphs (blue squares) and the ultrafaint satellites
(red symbols), using data from Cté et al. (1999); Wilkinson et al. (2004);
Kleyna et al. (2005); Chapman et al. (2005); Wang et al. (2005); Wilkinson et
al. (2006); Muñoz et al. (2006); Koh et al. (2007a,); Simon & Geha (2007);
Battaglia et al. (2008a); Martin et al. (2008); Geha et al. (2008). The gray
shaded area indiates the parameter spae overed assuming a ombination
of stellar M/L from 13 and a onstant dark matter halo mass range of 1
10×107 M⊙ (f. Strigari et al. 2008). The value obtained for Sulptor (at
MV = −11.1), under the assumption of two distint populations, learly
deviates from the trend outlined by the more luminous galaxies.
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trend in Fig. 2 and Simon & Geha (2007) argue that those systems are rather
embedded in dark matter halos of a smaller mass. That is, if there was a
physial minimum mass sale for dark matter halos, it is smaller than those
sales sampled by the present-day luminous- and ultrafaint dSph data. Walker
et al. (2007) nd that the mass within a radius of 600 p lies in this limited
range for those luminous dSphs in their study, while Strigari et al. (2008) sug-
gest that suh a ommon mass sale is well manifested in the galati mass
integrated within 300 p and found both for the traditional, more luminous
dSphs and the ultrafaint satellites. In either ase, all studies to date suggest
an order of magnitude of ∼ 107 M⊙; the existene of suh a mass sale at
all an be interpreted as due to either the possibility that dark matter halos
with baryons below this limit simply do not exist, or that star and galaxy
formation is suppressed in halos below this mass sale. Aurate mass mod-
eling, in partiular at the low-luminosity end, has to eiently establish the
harateristi lustering sale for dark matter as to ultimately onstrain the
properties of dark matter partiles (Gilmore et al. 2007).
3 Chemistry
The hemial element distribution of stars in dSphs is invaluable for study-
ing their hemial enrihment histories: while the overall metalliity
2
dis-
tributions (MDFs) are well suited to derive the overall, integrated SF and
enrihment history of a system, knowledge of the detailed hemial element
abundane trends is required to get estimates of the time sales for enrihment
and to isolate the predominant modes of SF in these low-mass objets.
3.1 Metalliities
Metalliities of stars in the faint dSphs are not easily measurable. First es-
timates of the systems' overall metal ontent are usually obtained by math-
ing sets of theoretial isohrones or empirial duials of Galati GCs with
known ages and metalliities to the CMDs. While this proedure yields sat-
isfatory results for the more luminous galaxies, there are several aggravating
fators in the ultrafaint dSphs. Firstly, many of the galaxies do not have well
populated RGBs and/or are remote and faint so that the age-sensitive main
sequene turn-os are generally not disernible. Seondly, in those galaxies
that also host stellar populations signiantly younger than 10 Gyr besides
the omnipresent old populations, age and metalliity are degenerate on the
RGB. As a result, metal poor and old traks oupy the same region in the
CMD as the young and metal rih ones (e.g., Koh et al. 2006). For suh
ases, stellar spetrosopy is the only viable tool to break undesired degen-
eraies and to obtain aurate metalliity estimates. As Fig. 3 indiates, this
2
In spetrosopi studies, metalliity is generally paraphrased as iron abundane
[Fe/H℄, while stritly the true metalliity [M/H℄ aounts for all heavy elements and has
non-negligible ontributions from the α-elements (Setion 3.2.1). In the following I will use
the notation [Fe/H℄ for both terms synonymously.
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Figure 3: Sample spetra overing a representative range of present day's
spetrographs' resolutions (R) and signal-to-noise ratios. Shown are spetra
of red giants in Herules (V=18.7), Carina (V=17.8), and Boötes II (V=19.3)
around the near-infred CaT (indiated as vertial lines; left panel), and high-
resolution spetra in Herules (V=18.7) and Carina (V=17.8) around the
region of the Ba II line at 6141.7Å (right panel). The other visible absorption
features are Fe I lines.
is well ahievable for the brighter red giants in the more luminous dSphs. On
the other hand, this beomes more problemati for the ultrafaint satellites,
whih either do not ontain any signiant RGB populations that ould be
easily vetted from foreground stars, or whih have RGBs that are to faint to
be reliably targeted (see also Fig. 1). However, reent studies have demon-
strated that suient signal-to-noise ratios for stars down to V∼20 mag are
ahievable employing urrent state-of-the-art spetrographs at 810 m lass
telesopes (e.g., Koh et al. 2006; Simon & Geha 2007; Koh et al. 2009) and
by applying sophistiated measurement tehniques (Kirby et al. 2008b; Koh
et al. 2008).
The traditional dSph galaxies are fairly metal poor system that over
a broad range in mean metalliity, depending on their overall luminosity.
As Table 1 illustrates, typial values reah from the more rih systems like
Fornax (at a mean [Fe/H℄ of −1.3 dex) to predominantly metal poor systems
like Drao, at ∼−2 dex. The disovery and follow-up photometry of the
ultrafaint systems already indiated, however, that these galaxies are even
more metal poor on average, as for some of them was onrmed from low-
resolution spetrosopy.
Traditional ways to measure the spetrosopi metalliity of dSph red gi-
ants are spetral synthesis, using spetral indies suh as the Mg triplet index
(Muñoz et al. 2006; Walker et al. 2009) or the wide-spread, empirial alibra-
tion of the near-infrared CaT onto metalliity [Fe/H℄. The latter method has
rst been established for simple stellar populations suh as the GCs (Arman-
dro & Zinn 1988; Armandro & Da Costa 1991; Rutledge et al. 1997a,b).
Over the past years, however, the alibrations have been suessfully applied
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to mixed-age populations as the dSphs (e.g., Suntze et al. 1993; Cté et al.
1999; Koh et al. 2006, and referenes therein). In pratie, the equivalent
widths of the prominent lines of the singly ionized alium ion at 8498, 8542,
8662Å are orrelated with the stellar magnitude above the horizontal branh,
by whih undesired dependenes of line strength with eetive temperature
and surfae gravity are removed to rst order (e.g., Rutledge et al. 1997a;
Cole et al. 2000). The resulting line index (W
′
) is almost entirely a funtion
of stellar metalliity and has been aurately alibrated onto referene sales
using red giants in Galati GCs of known metalliity (Zinn & West 1984;
Carretta & Gratton 1997; Kraft & Ivans 2003). The original alibrations
were stritly only dened in a limited age and metalliity range, ditated by
the GCs of the alibration sample. However, reent studies have extended
the alibration range towards the metal poor regime (Battaglia et al. 2008b),
towards metal rih populations (Cole et al. 2004; Carrera et al. 2007) and
over a broad age range (Cole et al. 2004) through open lusters.
Despite the straightforward measurement (as strong features in a wave-
length region easily aessible using present-day instruments), a number of
aveats have emerged in the literature, suh as the unknown age dependene of
the horizontal branh in mixed stellar populations (see disussions in Koh et
al. 2006), or the vague rst-order transition from the alium line strength to
general metal, or [Fe/H℄, abundane: by alibrating dSph stars onto a Gala-
ti GC sale one stritly presupposes that the [Ca/Fe℄ ratio in the dSphs is the
same as in the Galati alibrators, while the abundane ratios in the dSphs
are either a priori unknown or depleted with respet to the GC stars by up to
0.4 dex (Bosler et al. 2007; Koh et al. 2008a; Setion 3.2.1). Reassuringly,
stars that have both low-resolution CaT metalliities and high-resolution iron
abundanes available agree well to within the unertainties. Systemati devi-
ations (of the order of 0.1 dex) our only above −1.2 and more metal poor
than −2.2 dex (Battaglia et al. 2008b; Koh et al. 2008a). In any ase the
CaT method has proven a useful tool to rank the galaxies' metalliities and
to onstrut their overall MDFs.
Spetrosopi MDFs now exist for almost all of the Galati satellites:
Fornax (Pont et al. 2003, Battaglia et al. 2006); Leo I (Bosler et al. 2007;
Koh et al. 2007a); Sulptor ( Tolstoy et al. 2004; Battaglia et al. 2008b);
Leo II (Bosler et al. 2007; Koh et al. 2007b); Sextans (Helmi et al. 2006);
Carina (Koh et al. 2006); and Muñoz et al. (2006); Ibata et al. (2006);
Martin et al. (2007); Simon & Geha (2007); Kirby et al. (2008a); Koh et
al. (2009) for the most reently deteted faint to ultrafaint dSphs. Although
analysed in detail in high-resolution abundane studies (see Set. 3.2; and ref-
erenes therein) MDFs for the lassial Ursa Minor and Drao dwarf galaxies
are only available from broad- and narrow band photometry (e.g., Bellazzini
et al. 2002; Faria et al. 2007). In Fig. 4 I show exemplary MDFs of four
Galati satellites, overing a wide range in luminosities.
While eah individual dSph has experiened a unique SF history and no
two dSphs are alike (Grebel 1997), there are important similarities in the
overall shapes of their MDFs (e.g., Koh et al. 2007b) and I note the following
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Figure 4: Metalliity distributions for four Loal Group dSphs, with MV in-
reasing left to right, top to bottom. Data are from Koh et al. (2006;2007a,b;
2009). All distributions are based on the CaT and on the sale of Carretta &
Gratton (1997).
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harateristis:
(1) Metal poor mean: The low values of the mean [Fe/H℄ indiate a low SF
eieny in the dSphs with only a small supernovae (SNe) rate to enrih the
interstellar medium (ISM) out of whih the subsequent generations of stars
are born (e.g., Lanfranhi & Matteui 2004; see also Set. 3.2.1). A problem
with the low SF rates is, though, that these leave a reservoir of gas at the
end of the last epoh of SF in the model preditions. To explain the observed
gas deieny in all dSphs eient gas removal mehanisms have then to be
invoked, suh as tidal stripping (Ikuta & Arimoto 2002; Gallagher et al. 2003;
Grebel et al. 2003).
As already indiated by the slight shift in the MDF peaks in Fig. 4,
dSphs follow a well dened luminosity-metalliity relation (Dekel &Woo 2003;
Grebel et al. 2003): sine the more luminous galaxies have deeper potential
wells, they retain their metals for longer time sales, thus allowing for stronger
or prolonged enrihment (e.g., Dekel & Silk 1986). Given the larger unertain-
ties on the ultrafaint dSph MDFs and their very broad spreads (see item 2) it
is yet unlear, whether this relationship extends to the least luminous galax-
ies (Kirby et al. 2008a) or whether one atually observes a leveling o above
MV >∼ −7 (Simon & Geha 2007). On average, all ultrafaints measured so
far have mean metalliities below −2 dex, with two exeptions: Firstly, Will-
man 1 is possibly a star luster (Willman et al. 2005b). Seondly, Boötes II
may be a heavily stripped objet or a star luster from the Sgr system (Fig. 4;
Koh et al. 2009). For both ases, the present-day observed mass and lumi-
nosities would be muh smaller than in their initial state, whih would be
more representative of the observed higher metalliities.
In the models of Salvadori & Ferrara (2008), the gas pauity and very low
SNe rate in the ultrafaint dSphs essentially results in their evolving as losed
boxes, whih does not hold for the luminous ones (Helmi et al. 2006; Koh
et al. 2006, 2007b; see item 3). As a onsequene these galaxies would retain
their metals and get enrihed to higher metalliities than expeted from the
anonial luminosity-metalliity relation. Their still omparably low mean
metalliites below −2 dex would then be expliable if these ultrafaint systems
formed very early on, at a time when the available gas was not yet enrihed
to the higher values. This would require a formation well before re-ionization
(z > 8.5; Simon & Geha 2007; Salvadori & Ferrara 2008).
(2) Broad metalliity range: Another important notion is that the dSphs
have very broad abundane spreads with formal 1σ widths (that is, after or-
retion for broadening through measurement unertainties) of approximately
0.5 dex and large spreads of up to 0.8 dex in the ultrafaint ones. The whole
range overed in a given dSph is, however, very large and usually at least 1
dex wide (Fig. 4). In partiular ases like the Carina dSph, stars are found
overing a full range from nearly −3 dex up to near-Solar (Koh et al. 2006).
Carina is a speial ase, though, sine it has experiened episodi SF (Smeker-
Hane et al. 1994; Monelli et al. 2003) that led to the ourrene of multiple
stellar populations distint in metalliity and thus an eient broadening of
the MDF. Other ontenders that were laimed to host populations distint
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in spatial distribution, kinematis and metalliity are Sulptor (Tolstoy et al.
2004) and CVn I (Ibata et al. 2006).
One possible explanation for the broad metalliity ranges despite the low
luminosities is again that the dSphs ontain large amounts of dark matter
(Set. 2) so that they retained their metals over a long period, leading to a
broad range in enrihment. This view is very simplisti, though, as nothing is
known about the mass loss history of the dSphs and thus their initial masses.
It is just as oneivable that they started as systems with muh higher stellar
mass than observed today, whih was progressively lost  masses that ould
lead to the same amount of enrihment. Alternatively, the broad ranges ould
be explained by highly loalized, highly inhomogeneous enrihment (e.g., Mar-
olini et al. 2006).
(3) Metal rih tail: A feature seen in the MDFs and predited by models
is that the distributions ut o more sharply at the metal rih end ompared
to the metal poor tail. This indiates the ourrene of strong outows in
the form of galati winds, typially several times the SF rate (Lanfranhi &
Matteui 2004, 2007). These strong and ontinuous winds eiently drive
out metals, preventing further enrihment towards the metal rih tail. In
general, galati winds and gas outows play an important role in the hemial
evolution of the dSphs and in shaping their MDFs (e.g., Ma Low & Ferrara
1999; Hensler et al. 2004).
(4) Lak of metal poor stars: Finally, I note the lak of any stars more
metal poor than −3 dex in all of the the more luminous dSphs studied to
date. That is, these galaxies suer from a pronouned G-dwarf problem, or,
given the evolved nature of the targeted stars, a K-giant problem (Shetrone
et al. 2001, 2003; Koh et al. 2006; 2007a,b; Helmi et al. 2006). Targets
for measuring MDFs are generally seleted from large samples of often several
hundred stars to over the full RGB olor range without any observational bias
or a priori knowledge of their metalliities  in that way one ensures to inlude
potential very metal rih or extremely metal poor stars, if present. The fat
that still no very metal poor stars below −3 dex are found then indiates that
this appears to be a real absene in the luminous dSphs. Thus it seems that
SF and enrihment in these systems learly proeeds dierently from, e.g.,
the Galati halo, whih ontains a few handful of suh extremely metal poor
stars from −5 to −3 dex, though inompletely sampled (e.g., MWilliam et al.
1995; Beers & Christlieb 2005; Cohen et al. 2008). As a onsequene it an be
ruled out that these dSphs evolved aording to a losed box senario, but it is
rather aepted that they have experiened an early prompt pre-enrihment
(e.g., Tinsley 1975), leading to an initial non-zero metalliity. The question
of the origin of suh pre-enrihment of the initial gas phase is still under
debate, but a likely senario is an early enrihment to higher metalliities
by pregalati Population III stars (e.g., Larson 1998; Shneider et al. 2002;
Bromm & Larson 2004). However, this leaves the question of why then there
are extremely metal-poor stars present in the Galati halo.
Interestingly, there is reent evidene that the ultrafaint dSphs may in fat
host stars as low as −3.3 dex with a distribution that resembles that of the
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Galati halo (Kirby et al. 2008b). This is an important nding as it reinfores
the idea envisioned in the original hierarhial formation senario (Searle &
Zinn 1978). Thus the metal poor halo of the Galaxy ould have been donated
by dissolving objets like the ultrafaint dSphs, while it is unlikely that it
experiened any ontribution from disrupted satellites like the more luminous
dSphs with their absene of metal poor stars (see also Set. 3.1).
Finally, I note that, where ever old and intermediate age populations
and/or a spread in metalliity is present in a dSph, population gradients
have been deteted in the sense of a entral onentration of the metal rih,
younger populations ompared to the more extended old and metal poor om-
ponent (Harbek et al. 2001). The amplitude of this eet is, however, very
dierent for individual galaxies: while for instane the Sulptor and Carina
dSphs exhibit lear radial separations of their stellar populations (Hurley-
Keller et al. 1999; Harbek et al. 2001; Tolstoy et al. 2004; Koh et al. 2006),
other systems like Leo II do not show any signiant radial metalliity nor
age gradients (Koh et al. 2007b).
3.2 Chemial elements from high-resolution studies
Given the faintness of the dSphs, these galaxies have long sine evaded ob-
servations with high-resolution spetrographs, whih are invaluable to per-
form detailed hemial abundane studies and to gain insight in the dominant
modes and time sales of SF in the dSphs. This hanged with the advent of
larger telesopes of the 8-m lass, and the rst ground breaking study was
that of Shetrone et al. (2001, 2003) who targeted 32 stars in seven of the nine
luminous dSphs known at that time. Sine then, the number of abundane
data from high-resolution studies has vastly inreased, and yet the informa-
tion is sparse ompared to the low-resolution metalliity measurements. As
of today, hemial element ratios in approximately 100 red giants in all of the
nine luminous dSphs have been published in the literature (Shetrone et al.
2001, 2003, 2009; Sadakane et al. 2004; Geisler et al. 2004; Monao et al.
2005; Koh et al. 2007d, 2008a). In the following plots we also inlude the
data of Letarte (2007) for 82 stars in the Fornax dSph. The situation for the
ultrafaint galaxies is muh sparser at present and only two stars in the faint
Herules dSph have been published to date in high-resolution mode (Koh et
al. 2008b; Fig. 3), although many ambitious programs are underway and the
ensus is bound to inrease quikly.
3.2.1 The α elements
The α-elements (O,Mg,Si,Ca,Ti) are produed in ore-ollapse SNe of type II
that onstitute the end phases, read: deaths, of massive stars above 8 M⊙
on negligible time sales. Iron an be formed in both SNe Ia and, in lesser
amounts, in SNe II. SNe Ia are a onsequene of mass transfer from giant
ompanions on C/O white dwarfs so that one is dealing with a muh lower
mass regime and onsequently longer lifetimes. Thus most of the iron at
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Solar metalliities originates from the long lived Ia, while in metal poor stars
it derives from SNe II, sine the former were not present to enrih the early
generations of stars, yet.
Literature omparisons often group together the light element abundanes
into a single [<Mg,Si,Ca,Ti>/Fe℄ ratio, whih is perilous sine the individual
elements an be produed through dierent hannels. In partiular, Mg and
O are formed during the hydrostati C- and ensuing Ne-burning phases in
the massive progenitors, while Si, Ca, and (presumably) Ti are formed ex-
plosively during the SN event itself (e.g., Timmes 1995; Woosley & Weaver
1995; MWilliam 1997). As pointed out by Shetrone et al. (2003), Venn et
al. (2004; and referene therein), eah of the α-element to iron ratios follows
slightly dierent trends; for instane the [Mg/Fe℄ ratio shows a broader, pre-
sumably real, osmi satter than the elements Ca or Ti (see also Koh et al.
2008a). In Fig. 5 I thus show the [Ca/Fe℄ ratio as representative of the α-
elements. Abundane studies arried out by dierent groups neessarily apply
dierent tehniques and input data, in partiular regarding atomi parameters
(suh as log gf values vs. dierential abundane studies that do not rely on
these inseure values; Koh & MWilliam 2008), model atmospheres (spheri-
al vs. plane-parallel, Kuruz vs. MARCS) or the hoie of atomi line lists.
Throughout the following plots I did not attempt to homogenize the abun-
dane data from the literature aounting for these various approahes in the
analyses. This will ultimately lead to an inreased satter among the dSph
stars' abundanes, of the order of the measurement unertainties (Venn et al.
2004).
The Galati abundane distribution (blak dots in Fig. 5) is well explia-
ble in terms of a simple time delay model of hemial evolution (Tinsley 1979;
Matteui 2003; see also the review by MWilliam 1997). In this ontext, the
enhaned value of [α/Fe℄ ∼ +0.4 dex in the halo at low metalliities, widely
dubbed the plateau, is onsistent with an early SF burst in the halo, whih
led to a high rate of early SNe II that produed a high amount of α-elements
and little iron. After a delay of a. 1 Gyr, the longer lived SNe Ia started
ontributing, thereby enrihing the ISM and subsequent generations of stars
with iron without produing α-elements, whih ultimately reets in a deline
of the [α/Fe℄ abundane ratio. In the halo, this downturn ours at [FeH℄∼ −1
dex. Ultimately, this ratio is a deliate funtion of the initial mass funtion
(IMF), the galaxies' SF histories, the involved SNe time sales, as well as the
time sale for mixing the SNe ejeta into the ISM (Matteui (2003)
One of the rst and unpreedented notions of Shetrone et al. (2001) was
that the [α/Fe℄ abundane ratios in the dSph stars are systematially lower
than those in Galati halo stars of the same [Fe/H℄. The natural explanation
for the low [α/Fe℄ is the muh lower SF rate in the dSphs (Unavane et al.
1996; Matteui 2003; Lanfranhi & Matteui 2004; Set. 3.1). Sine SF was
merely simmering in these galaxies, they had simply fewer SNe II to start with
and thus muh less α-elements were produed for the rst generations of stars.
By the time the SNe Ia started exploding, the ISM had not been enrihed with
iron from the SNe II to as high metalliities as in the halo. Consequently, the
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Figure 5: α-abundane ratios in Galati stars (blak dots) and dSph red
giants (red squares). The dSph data are from Shetrone et al. (2001, 2003,
2009); Geisler et al. (2004); Sadakane et al. (2004); Monao et al. (2005);
Letarte (2007); Koh et al. (2007d, 2008a,b), while Galati stars were taken
from Gratton & Sneden (1988, 1994); Edvardsson (1993); MWilliam et al.
(1995); Ryan et al. (1996); Nissen & Shuster (1997); MWilliam (1998);
Hanson et al. (1998); Burris et al. (2000); Prohaska et al. (2000); Fulbright
(2000, 2002); Stephens & Boesgaard (2002); Johnson (2002); Bensby et al.
(2003); Ivans et al. (2003); Reddy et al. (2003). Additional histograms
show the halo distributions (blak) in [Fe/H℄ and [Ca/Fe℄ in omparison to
the generalized distributions (red lines) for the dSph stars, whih have been
weighted by measurement errors and by the number of targets per galaxy,
suh as not to introdue any observational bias.
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knee in the dSphs ours at relatively low [Fe/H℄, e.g., at ∼ −1.8 dex in
Sulptor (Geisler et al. 2007) or ∼ −1.6 in Carina (Fig. 6; Lanfranhi & Mat-
teui 2006; Koh et al. 2007d,2008a). Alternatively, the low α-abundanes
at intermediate metalliities are expliable through SF events with only low
total masses involved. In events forming only a few 1000 M⊙, very massive
stars are unlikely to form at all (assuming a standard IMF). Sine these stars
are an eient nuleosyntheti soure of the α-elements, their absene would
lead to signiantly lower [α/Fe℄ ratios ompared to an environment with a
high-mass SF and a fully sampled IMF like the halo (Woosley & Weaver 1995;
Shetrone et al. 2003; Koh et al. 2008a,b). Thus SF in, at least some, dSphs
is likely to proeed on small sales.
The depletion of the dSphs' [α/Fe℄ ratios with respet to halo stars was
often ited as evidene that there was only little ontribution of systems like
the present-day dSphs to the Galati halo build-up at intermediate metalli-
ities (whih is stritly at odds with the observed urrent aretion of a dSph 
the Sagittarius dwarf; Ibata et al. 1994). In all suh omparisons one should
also stritly bear in mind that also the halo is distint in its inner and outer
omponents (Pritzl et al. 2005; Carollo et al. 2007; Geisler et al. 2007;
and referenes therein). This disrepany is partiularly pronouned at the
metal rih end above [Fe/H℄∼ −1.5 dex, where there is no overlap and the
dSph stars exhibit [α/Fe℄ ratios lower by up to 0.6 dex ompared to the MW
stars. On the other hand, Shetrone et al. (2003) reported that two of their
dSph stars (in Leo I and Sulptor) at −1.5 and −2.0 dex exhibit halo-like
abundane ratios. With the inreasing aumulation of larger data sets in the
dSphs, stars were indeed found to partially overlap with the Galati halo
population. As Fig. 5 indiates there are already a few dSph stars found with
halo-like, that is enhaned, [α/Fe℄ ratios at [Fe/H℄=−1.5 dex and a handful
that overlap below −2 dex; moreover, reent data (Frebel et al. 2009) indi-
ate a signiant overlap with the metal-poor halo below −2 dex and the dSph
patterns appear to start resembling those of the halo around −1.8 dex. Thus
it appears likely that any ontribution of stars from systems like the dSphs
must have ourred at very early times (that is, at low metalliities). This is
in onordane with the idea that the ultrafaint, more metal poor dSphs ould
have donated a fration of the metal-poor Galati halo (see Set. 3.1, item
4), or at least that they had experiened similar formation and enrihment
histories.
There is a notable overlap with a few hemially peuliar halo stars that
stand out in terms of of a relatively strong depletion in the α-elements, down
to [α/Fe℄=−0.2 at [Fe/H℄∼ −2 dex (Carney et al. 1997; Ivans et al. 2003).
While the α-elements in these stars are very similar to those found in a number
of the dSphs (Fig. 5), not all of their heavy element patterns agree ompletely
with those in the dSph stars (Set. 3.2.2.; see also disussion in Ivans et
al. 2003). The progressive detetion of stars with strong element depletions
(like LG04_001826 in Carina with [Ca/Fe℄=−0.16 and [Mg/Fe℄=−0.90 at
[Fe/H℄=−1.5; Koh et al. 2008a) then reinfores the idea that omplex dSphs
are a possible soure for the donation of hemially peuliar stars to the halo.
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Figure 6: [Ca/Fe℄ and [Mg/Ca℄ abundane ratios of red giants in Carina (blue
symbols; Shetrone et al. 2003; Koh et al. 2007d, 2008a) and Herules (red
symbols; Koh et al. 2008b). The solid lines are the model preditions of
Lanfranhi & Matteui (2006) for Carina. A typial error bar is indiated in
the top right orners.
Moreover, few dSph stars exhibit [α/Fe℄ ratios well in exess of +0.4 dex,
whih is also found amongst the very metal poor halo stars below ∼ −3.5 dex
(e.g., MWilliam et al. 1995).
An intriguing individual ase is the Carina dSph that is unique among
the Loal Group dSphs in terms of its episodi SF history, in whih periods
of ative SF are interrupted by extended quiesent phases of negligible SF
ativity (Smeker-Hane et al. 1994; Monelli et al. 2003; Tolstoy et al. 2003;
Koh et al. 2006; see also Set. 3.1). These periods have been photometrially
well established and reet, e.g., in the presene of multiple MSTOs repre-
sentative of populations of approximately 0.6, 5, and 12 Gyr. Aordingly,
its peuliarity also shows up in its hemial abundane ratios: this galaxy
shows a very broad satter in the [α/Fe℄ abundane ratios at a given metal-
liity (Shetrone et al. 2003; Koh et al. 2007d,2008a), both with respet to
the other dsph galaxies, and also in relation to model preditions of hemial
evolution (Fig. 6; Gilmore & Wyse 1991; Lanfranhi & Matteui 2004, 2006).
In the simple time-delay models, eah SF bursts drives up the α-element
prodution, while Fe is ontinuously produed in the SNe Ia, whih leads to an
inrease in the [α/Fe℄ ratio. Quiesent phases, however, do not have any SNe
II and no α-ontribution, while Fe is still being produed in the Ia SNe. The
overlap of these episodes would then lead to a broad range in the abundane
ratio over the whole metalliity range overed. In Fig. 6 I show the model
preditions by Lanfranhi & Mateui (2006) that are haraterized by two SF
bursts, eient gas outows (galati winds; Set. 3.1) and that were tailored
to math Carina's evolution by using the observed MDF of Koh et al. (2006)
and the hemial abundane data of Shetrone et al. (2003). Despite a good
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t of the overall MDF (Koh et al. 2006) and sueeding in the reprodution
of an overall trend, the models do not represent the [Ca/Fe℄ abundane ratios
in detail. In partiular, the models predit the loation of the downturn to
our at lower metalliities (by 0.20.3 dex) than is observed, leaving the
impression of an underestimate of [Ca/Fe℄ at higher [Fe/H℄ with respet to
the data points. The [Mg/Ca℄ ratio is in turn systematially overpredited by
approximately 0.3 dex. The exat times for onset, duration and essation of
the SF epohs as well as details of the SF and wind eienies are thus deliate
governing parameters that have to aount for as omprehensive abundane
distributions as available and observable.
Another attrative explanation for the large abundane spread in a dSph
is the ourrene of stohastial SF on small sales. In ases, where every
SF burst only onverts small amounts of gas into stars the IMF remains only
inompletely and statistially sampled so that very massive stars may or may
not be formed and thus be available as soures for the subsequent α-element
produtions (e.g., Carigi et al. 2008). Suh senarios an be oupled with
spatially inhomogeneous enrihment and a poor mixing of the SNe ejeta into
the ISM (e.g., Marolini et al. 2006), whih then would reprodue dSph
hemial abundane trends without the need to invoke galati winds. Either
enrihment senario points to the omplex hemial evolution of the dSphs.
3.2.2 Heavy elements
Elements heavier than the iron peak are mainly produed through proesses
that are distinguished by the rate of neutron apture relative to the time
sale for the β-deay in the nulei. In essene, the s-proess (for slow) takes
plae in environments with low neutron densities, suh as low-mass (13 M⊙)
asymptoti giant branh (AGB) stars (e.g., Gallino et al. 1998). Typial s-
proess elements are Y, Sr, Ba, La and Pb. The other main soure for heavy
element nuleosynthesis is the r-proess (rapid) that ours in environments
dominated by high neutron uxes suh as the SNe II explosions or neutron
star-neutron star mergers (see Qian & Wasserburg 2007 for a reent review).
An element often ited as the arhetypial r-proess element is Eu. One
should keep in mind, however, that attributes suh as Ba as an s-proess ele-
ment stritly hold for the Sun, while in the early universe, i.e., in metal-poor
stars, all heavy elements an be expeted to be produed in the r-proess.
At those early times, there were simply no longer-lived AGB stars present,
yet, to ontribute any s-proess material. In this ontext, abundane stud-
ies of metal poor stars and investigations in the dSphs are also invaluable to
onstrain possible nuleosyntheti prodution sites for the hemial elements
(e.g., Thielemann et al. 2001; MWilliam et al. 2003; Frebel et al. 2009) Indi-
vidual [s/r℄ ratios suh as [Ba/Eu℄ (Fig. 7) are then an important diagnosti
for the relative interplay of the AGB enrihment on longer time sales and
the fast SNe II enrihment and are also well suited to disern phases of more
intense SF (with more SNe II) from quiesent phases (with AGB enrihment
only).
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Figure 7: [Ba/Eu℄ ratios using the same data as in Fig. 5. Shown as a solid
line is the model for Carina by Lanfranhi et al. (2008).
The trend seen in Fig. 7 onrms what was mentioned with regard to the
[α/Fe℄ ratio (Set. 3.2.1). That is, dSphs are hemially distint from the
halo: while the halo rises from an r-proess dominated environment towards
s-proess ontributions at higher metalliities around −1, the s-proess on-
tribution in the dSphs rises earlier, at lower [Fe/H℄ of approximately −1.7
dex. This is due to the AGB stars ontributing the s-proess elements only
after a longer delay, by whih time the ISM was already enrihed in Fe by
the SNe II. Due to the low SF eieny and thus less SNe II in the dSphs,
however, not muh hemial enrihment had ourred by the time the AGBs
started to ontribute the s-proess. The model predition for Carina (solid
line in Fig. 7) represents the moderately metal poor Carina well ompared
to the poor t of the α-data (Fig. 6). It is also worth notiing that Fornax
experienes a muh steeper upturn at muh higher metalliities around −1.2
dex (in extrapolation).
The addition of heavy element abundane information is ruial for a om-
parison with the Galati halo. In order to plausibly argue, whether or not
any omponent of the halo ould have been donated by disrupted dSph sys-
tems, or shared similar modes of SF, an overlap has to be present in essentially
all hemial abundane patterns. In their study of hemially peuliar halo
stars, Ivans et al. (2003) note α, Cu and Zn abundanes in the α-depleted
halo star BD+80
◦
245 (Carney et al. 1997) that resemble those of a dSph star
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in Carina (Shetrone et al. 2003), whereas there are signiant dierenes of
up to 2 dex in the r- and s-proess abundane ratios. This and other examples
given in Ivans et al. (2003) eiently rule out a onnetion of those halo stars
with the dSphs.
3.2.3 Complex abundane ratios in omplex dSphs
As mentioned above, eah individual galaxy exhibits intriguing and omplex
abundane patterns. Hene the statement that no two dSphs are alike and
eah has its own, speial history still holds (Grebel 1997). One example is
Carina in terms of its episodi SF and the resulting abundane satter due to
small-sale hemial evolution in small assoiations. This galaxy also hosts
one hemially peuliar star that is distint in a strong depletion in all α-
elements. Also Dra 119, the most metal poor star in a luminous dSph to
date, for whih detailed abundane information is available ([Fe/H℄=−2.95
dex; Shetrone et al. 2001; Fulbright et al. 2004) is very distint in that it
essentially laks all heavy elements beyond nikel.
Albeit at higher metalliities, two stars in the Herules dSph share similar
properties: These stars are highly depleted in heavy elements, with [Ba/Fe℄<
−2 dex. Common to these stars is also that they exhibit high abundanes of
the hydrostati α-elements like O and Mg, while explosive elements like Ca are
normal to deient, leading to unusually high [Mg/Ca℄ ratios of +0.60.9 dex.
A detailed interpretation of these pattern relies on the input nuleosyntheti
models and is sensitive to stellar yields, the metalliity of the SNe progenitors
and the treatment of rotation (e.g., Woosley & Weaver 1995; Chiappini et al.
2003; Hirshi et al. 2005; Kobayashi et al. 2006; Heger & Woosley 2008).
The signiane of this is that suh high [Mg/Ca℄ ratios are understood by
an enrihment of these stars through very massive progenitors, in the mass
regime of > 20 M⊙ up to perhaps 50 M⊙. In an environment in whih a
high mass of gas was onverted into gas so that the IMF is fully sampled,
it is feasible that suh high mass stars form. How then an the ISM retain
the hemially peuliar pattern that is imprinted in the anomalous stars we
observe today, e.g., in Herules? This is only possible, again, if SF proeeded
highly stohastially, with one or two very high mass stars forming (the ob-
served patterns are in fat expliable with less than 3 of these SNe events;
Koh et al. 2008b), while the lower mass SNe II might not have ourred.
This is most likely to happen in very low-mass SF events (see also Carigi et
al. 2008) in the regime of less than a few thousand M⊙ in total stellar mass.
Although it is statistially very unlikely that any suh very high-mass stars
are formed at all under a standard IMF (e.g., Miller & Salo 1979; see also
Shetrone et al. 2003; Koh et al. 2008a), if they happen to form, early in the
galaxy's history, they will eetively govern the enrihment patterns of the
entire low-mass environment, whih is the most likely senario for Herules'
evolution to date. This is likely oupled with highly inhomogeneous spatial
enrihment of the SNe Ia and II; the few massive SNe explosions would then
only inuene the immediate surrounding ISM out of whih the subsequent
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Figure 8: [Mg/Ca℄ abundane ratios as funtion of iron abundane [Fe/Fe℄
(left panel) and the heavy-element abundane ratio [Ba/Fe℄ (right panel).
Shown are the Galati and dSph stars using the same symbols and data
as in Fig. 5. In these plots, hemially peuliar stars stand out by strong
enhanements in the [Mg/Ca℄ ratio.
stars are born (see also Marolini et al. 2006,2008).
Fig. 8 shows [Mg/Ca℄ ratios in the sample of Galati and dSph stars
introdued in Fig. 5. At any given metalliity, there is a broad satter present
in this ratio in the dSph stars, although the generally large error bars on this
ratio in the faint dSphs should be noted (indiated in Fig. 8). Aording to
the yields of Heger & Woosley (2008), SNe II with progenitor masses above 20
(25) M⊙ an already produe [Mg/Ca℄ ratios in exess of 0.3 (0.5) dex. Apart
from the two Herules stars and Dra 119, also a handful of giants in the Leo
II dSph between an [Fe/H℄ of −1.7 to −2 dex (Shetrone et al. 2009) exhibit
enhaned [Mg/Ca℄ ratios. It is interesting to note that Fornax ontains a
high fration (a. 1/5th of the sample) of [Mg/Ca℄-enhaned stars above the
Galati, Solar value. It is thus oneivable that this galaxy experiened a
higher number of massive SNe II than other dwarfs, whih is feasible sine
Fornax is the most luminous dSph and it is governed by an extended SF
history. On the other hand, the Herules stars of Koh et al. (2008b) and
Dra 119 (Fulbright et al. 2004) are signiantly depleted in the hemial
elements heavier than Ni so that an additional onlusion is that very massive
SNe II progenitors likely do not synthesize suh heavy elements (see also
Frebel et al. 2009). If the nuleosynthesis governing all of these galaxies
was thus omparable, suh depletions should be omnipresent in all strongly
[Mg/Ca℄-enhaned stars. As Fig. 8 (right panel) shows, there is no signiant
trend disernible  most higher [Mg/Ca℄ stars show enhanements in [Ba/Fe℄
that are typial of their metalliity. Thus one is faing two entirely dierent
mehanisms: the stohastial enrihment with very massive star ontributions
on the one hand; and on the other hand the integrated build-up of heavy
elements oupled with the massive star ontribution as expeted from a fully
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sampled IMF in a massive system with ontinuous SF ativity like Fornax.
Another relevant pattern is for instane the [Co/Cr℄ abundane ratio,
whih is notably high in the Herules stars (Koh et al. 2008b) suh as usu-
ally found only in very metal poor Galati halo stars, below [Fe/H℄
<
∼−3 dex
(e.g., MWilliam et al. 1995). This an be interpreted as a signature of the
aforementioned massive SNe II enrihment, oupled with ontributions from
the hypothesized rst, metal-free massive Population III stars (e.g., Beasley
et al. 2003; Bromm & Larson 2004; Frebel et al. 2007; Cohen et al. 2007).
Thus the (ultra-) faint dSphs are in fat an attrative environment to searh
for signatures of the Population III stars  galaxies like Herules ould well
show suh evidene of primordial material and be the sites of the rst stars
in the universe.
4 Summary
How similar is the newly disovered generation of ultrafaint galaxies to the
lassial, more luminous dSphs? Are they mere extensions of the known, ex-
treme properties of the latter? Their general harateristis as old, metal
poor and dark matter dominated systems is in fat reminisent of the tra-
ditional dwarfs, yet the ultrafaint galaxies are haraterized by muh lower
luminosities, they are found to be more metal poor on average with broad
abundane spreads, and have higher M/L ratios than the traditional satel-
lites, thus appear to be even more strongly dark matter dominated.
With the gathering of detailed hemial abundane data in the past few
years, the lassial piture of the dSphs as relatively simple, hemially ho-
mogeneous and well-mixed systems has drastially hanged. Individual abun-
dane patterns and the broad abundane satter in several of these galaxies
indiate that, already on small sales, there is room for loal inhomogeneities
through inomplete mixing proesses of the SNe ejeta or an inomplete sam-
pling of the IMF due to low-mass SF events. The dominane of suh inhomo-
geneities was already found in many, more massive, dwarf irregular galaxies
(e.g., Sextans B, Kniazev et al. 2005; or the SMC, Glatt et al. 2008). These
patterns then undersore the omplexities in the SF, enrihment and evolu-
tionary proesses on small sales in the dSphs. Moreover, in the ultrafaint
galaxies there appears to exist a mode of SF that has not been identied
in any other of the dSphs before (though visible, e.g., in the Galati halo),
that is, we may be able to see here the potential signatures of the rst stars,
imprinted in the abundane anomalies of the subsequent generations of stars
observed today. These galaxies thus hold the keys for traing the fossil reords
of SF.
Furthermore, the growing body of hemial evidene onrms the early
ndings of Shetrone et al. (2001, 2003) and Fulbright (2002) that the disrep-
anies in the abundane ratios between the dSps and the Galati halo persist
at intermediate metalliities. However, from more reent data the earlier sur-
mised overlap with the Galati halo at the metal poor end emerges, thereby
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reinforing the importane of dSph-like systems in the build-up of parts of the
halo (see also Bell et al. 2008). This is then also onsistent with the very metal
poor harater of the ultrafaint satellites. Yet these systems learly annot
aount for a full build-up of the stellar halo, whih would rather require few
(12) early, massive (LMC type) aretions, while the present-day (ultrafaint)
dSphs are the mere survivors of anient aretion proesses (see also Zinn &
West 1978; Unavane et al. 1996; Bullok & Johnston 2005; Robertson et al.
2005).
Where do we go from here? In the near future, the MW dSph satellite
family will most ertainly vastly inrease, opening intriguing new windows to
study the detailed, omplex properties of these osmologial substrutures on
small sales. Suh new disoveries will be haraterized by progressively faint
magnitudes so that straightforward spetrosopi follow-up observations are
very time-expensive. In this ontext it is timely to aknowledge the great pow-
ers and availability of state-of-the-art low- and high-resolution instruments at
our generation's 8-10m lass telesopes: amongst these, the FLAMES/UVES
multi-objet spetrograph at the ESO/VLT, the MIKE and MOE Ehelle
spetrographs at Magellan, as well as the DEIMOS and HIRES instruments
at Kek have delivered the vast amounts of invaluable data I presented in this
review. And yet it should be mentioned that, e.g., the rst high-resolution
spetrosopi study in brighter giants of a faint dSph, viz. Herules (Fig. 3;
Set. 3.2.3) already required 46 hours integration at a 6.5m telesope to ob-
tain suient signal-to-noise ratios (Koh et al. 2008b). Deriving detailed
abundane ratios a large number of even fainter stars in the ultrafaint dSphs
then alls for dediated programs and future generations of powerful, pref-
erentially multi-objet, failities at telesopes of the ELT, TMT and GMT
lass.
Aknowledgements
First of all I would like to thank the Astronomishe Gesellshaft for granting
me the honor of the Ludwig Biermann award. I gratefully aknowledge sup-
port from and invaluable disussions with Eva K. Grebel, Andrew MWilliam,
Mark Wilkinson, Gerry Gilmore, Rosie Wyse, R. Mihael Rih, Franesa
Matteui, Andrea Marolini, Niolas Martin and Gustavo Lanfranhi. Fi-
nally I would like to thank the Swiss National Siene Foundation, SNF,
whih funded muh of my own work presented in this review.
Referenes
Aaronson, M. 1983, ApJL, 266, L11
Armandro, T. E., & Da Costa, G. S. 1991, AJ, 101, 1329
Armandro, T. E., & Zinn, R. 1988, AJ, 96, 92
Battaglia, G., Helmi, A., Tolstoy, E., Irwin, M., Hill, V., & Jablonka, P. 2008a,
ApJL, 681, L13
27
Battaglia, G., Irwin, M., Tolstoy, E., Hill, V., Helmi, A., Letarte, B., & Jablonka,
P. 2008b, MNRAS, 383, 183
Beasley, M. A., Kawata, D., Peare, F. R., Forbes, D. A., & Gibson, B. K. 2003,
ApJL, 596, L187
Beers, T. C., & Christlieb, N. 2005, ARA&A, 43, 531
Bell, E. F., et al. 2008, ApJ, 680, 295
Bellazzini, M., Ferraro, F. R., Origlia, L., Panino, E., Monao, L., & Oliva, E.
2002, AJ, 124, 3222
Bellazzini, M., et al. 2008, AJ, 136, 1147
Belokurov, V., et al. 2006a, ApJL 647, L111
Belokurov, V., et al. 2006b, ApJL 642, L137
Belokurov, V., Evans, N. W., Irwin, M. J., Hewett, P. C., & Wilkinson, M. I. 2006,
ApJL, 637, L29
Belokurov, V., et al. 2007a, ApJL, 654, 897
Belokurov, V., et al. 2007b, ApJ, 658, 337
Belokurov, V., et al. 2008, ApJL, 686, L83
Bensby, T., Feltzing, S., & Lundström, I. 2003, A&A, 410, 527
Binney, J., & Tremaine, S. 1987, Prineton, NJ, Prineton University Press, 1987,
747 p.,
Bosler, T. L., Smeker-Hane, T. A., & Stetson, P. B. 2007, MNRAS, 378, 318
Bromm, V., & Larson, R. B. 2004, ARA&A, 42, 79
Bullok, J. S., & Johnston, K. V. 2005, ApJ, 635, 931
Burris, D. L., Pilahowski, C. A., Armandro, T. E., Sneden, C., Cowan, J. J., &
Roe, H. 2000, ApJ, 544, 302
Cannon, R. D., Hawarden, T. G., & Tritton, S. B. 1977, MNRAS, 180, 81P
Carigi, L., Hernandez, X., & Gilmore, G. 2002, MNRAS, 334, 117
Carigi, L., & Hernandez, X. 2008, MNRAS, 390, 582
Carney, B. W., Wright, J. S., Sneden, C., Laird, J. B., Aguilar, L. A., & Latham,
D. W. 1997, AJ, 114, 363
Carollo, D., et al. 2007, Nature, 450, 1020
Carrera, R., Gallart, C., Panino, E., & Zinn, R. 2007, AJ, 134, 1298
Carretta, E., & Gratton, R. 1997, A&AS, 121, 95
Chiappini, C., Matteui, F., & Meynet, G. 2003, A&A , 410, 257
Cohen, J. G., MWilliam, A., Christlieb, N., Shetman, S., Thompson, I., Melendez,
J., Wisotzki, L., & Reimers, D. 2007, ApJL, 659, L161
Cohen, J. G., Christlieb, N., MWilliam, A., Shetman, S., Thompson, I., Melendez,
J., Wisotzki, L., & Reimers, D. 2008, ApJ, 672, 320
Cole, A. A., Smeker-Hane, T. A., & Gallagher, J. S., III 2000, AJ, 120, 1808
28
Cole, A. A., Smeker-Hane, T. A., Tolstoy, E., Bosler, T. L., & Gallagher, J. S.
2004, MNRAS, 347, 367
Coleman, M. G., et al. 2007, ApJL, 668, L43
Cté, P., Oke, J. B., & Cohen, J. G. 1999, AJ, 118, 1645
de Jong, J. T. A., Rix, H.-W., Martin, N. F., Zuker, D. B., Dolphin, A. E., Bell,
E. F., Belokurov, V., & Evans, N. W. 2008, AJ, 135, 1361
Dekel, A., & Silk, J. 1986, ApJ, 303, 39
Dekel, A., & Woo, J. 2003, MNRAS, 344, 1131
Dotter, A., Chaboyer, B., Jevremovi¢, D., Kostov, V., Baron, E., & Ferguson, J. W.
2008, ApJS, 178, 89
Edvardsson, B., Andersen, J., Gustafsson, B., Lambert, D. L., Nissen, P. E., &
Tomkin, J. 1993, A&A, 275, 101
Faria, D., Feltzing, S., Lundström, I., Gilmore, G., Wahlgren, G. M., Ardeberg, A.,
& Linde, P. 2007, A&A, 465, 357
Fellhauer, M., et al. 2007, MNRAS, 375, 1171
Ferguson, A. M. N., Gallagher, J. S., & Wyse, R. F. G. 2000, AJ, 120, 821
Font, A. S., Johnston, K. V., Bullok, J. S., & Robertson, B. E. 2006, ApJ, 638, 585
Frebel, A., Johnson, J. L., & Bromm, V. 2007, MNRAS, 380, L40
Frebel, A., Simon, J. D., Geha, M., &Willman, B. 2009, ApJ, submitted (arXiv:0902.2395)
Fulbright, J. P. 2000, AJ, 120, 1841
Fulbright, J. P. 2002, AJ, 123, 404
Fulbright, J. P., Rih, R. M., & Castro, S. 2004, ApJ, 612, 447
Gallagher, J. S., Madsen, G. J., Reynolds, R. J., Grebel, E. K., & Smeker-Hane,
T. A. 2003, ApJ, 588, 326
Gallart, C., Freedman, W. L., Apariio, A., Bertelli, G., & Chiosi, C. 1999, AJ, 118,
2245
Gallino, R., Arlandini, C., Busso, M., Lugaro, M., Travaglio, C., Straniero, O.,
Chie, A., & Limongi, M. 1998, ApJ, 497, 388
Geisler, D., Smith, V. V., Wallerstein, G., Gonzalez, G., & Charbonnel, C. 2005,
AJ, 129, 1428
Gilmore, G., Wilkinson, M. I., Wyse, R. F. G., Kleyna, J. T., Koh, A., Evans,
N. W., & Grebel, E. K. 2007, ApJ, 663, 948
Glatt, K., et al. 2008, AJ, 136, 1703
Goerdt, T., Moore, B., Read, J. I., Stadel, J., & Zemp, M. 2006, MNRAS, 368, 1073
Gratton, R. G., & Sneden, C. 1988, A&A, 204, 193
Gratton, R. G., & Sneden, C. 1994, A&A, 287, 927
Grebel, E. K. 1997, Reviews in Modern Astronomy, 10, 29
Grebel, E. K., Gallagher, J. S., III, & Harbek, D. 2003, AJ, 125, 1926
Grebel, E. K., & Gallagher, J. S., III 2004, ApJL, 610, L89
29
Grillmair, C. J. 2008, ApJ, in press (astro-ph/0811.3965v1)
Harbek, D., et al. 2001, AJ, 122, 3092
Hanson, R. B., Sneden, C., Kraft, R. P., & Fulbright, J. 1998, AJ, 116, 1286
Heger, A., & Woosley, S. E. 2008, ApJS, submitted (arXiv:0803.3161)
Helmi, A., et al. 2006, ApJL, 651, L121
Hensler, G., Theis, C., & Gallagher J. S., III. 2004, A&A, 426, 25
Hernquist, L. 1990, ApJ, 356, 359
Hirshi, R., Meynet, G., & Maeder, A. 2005, A&A, 433, 1013
Hurley-Keller, D., Mateo, M., & Grebel, E. K. 1999, ApJL, 523, L25
Ibata, R. A., Gilmore, G., & Irwin, M. J. 1994, Nature, 370, 194
Ibata, R., Irwin, M., Lewis, G., Ferguson, A. M. N., & Tanvir, N. 2001, Nature,
412, 49
Ibata, R., Chapman, S., Irwin, M., Lewis, G., & Martin, N. 2006, MNRAS, 373,
L70
Ibata, R., Martin, N. F., Irwin, M., Chapman, S., Ferguson, A. M. N., Lewis, G. F.,
& MConnahie, A. W. 2007, ApJ, 671, 1591
Ikuta, C., & Arimoto, N. 2002, A&A, 391, 55
Illingworth, G. 1976, ApJ, 204, 73
Inman, R. T., & Carney, B. W. 1987, AJ, 93, 1166
Ivans, I. I., Sneden, C., James, C. R., Preston, G. W., Fulbright, J. P., Höih,
P. A., Carney, B. W., & Wheeler, J. C. 2003, ApJ, 592, 906
Johnson, J. A. 2002, ApJS, 139, 219
Kazantzidis, S., Mayer, L., Mastropietro, C., Diemand, J., Stadel, J., & Moore, B.
2004, ApJ, 608, 663
King, I. R. 1966, AJ, 71, 64
Kirby, E. N., Simon, J. D., Geha, M., Guhathakurta, P., & Frebel, A. 2008a, ApJL,
685, L43
Kirby, E. N., Guhathakurta, P., & Sneden, C. 2008b, ApJ, 682, 1217
Klessen, R. S., Grebel, E. K., & Harbek, D. 2003, ApJ, 589, 798
Kleyna, J., Wilkinson, M. I., Evans, N. W., Gilmore, G., & Frayn, C. 2002, MNRAS,
330, 792
Kleyna, J. T., Wilkinson, M. I., Gilmore, G., & Evans, N. W. 2003, ApJ, 588, L21
Kniazev, A. Y., Grebel, E. K., Pustilnik, S. A., Pramskij, A. G., & Zuker, D. B.
2005, AJ, 130, 1558
Kobayashi, C., Umeda, H., Nomoto, K., Tominaga, N., & Ohkubo, T. 2006, ApJ,
653, 1145
Koh, A., Grebel, E. K., Wyse, R. F. G., Kleyna, J. T., Wilkinson, M. I., Harbek,
D. R., Gilmore, G. F., & Evans, N. W. 2006, AJ, 131, 895
Koh, A., Wilkinson, M. I., Kleyna, J. T., Gilmore, G. F., Grebel, E. K., Makey,
A. D., Evans, N. W., & Wyse, R. F. G. 2007a, ApJ, 657, 241
30
Koh, A., Grebel, E. K., Kleyna, J. T., Wilkinson, M. I., Harbek, D. R., Wyse,
R. F. G., & Evans, N. W., 2007b, AJ, 133, 270
Koh, A., Kleyna, J. T., Wilkinson, M. I., Grebel, E. K., Gilmore, G. F., Evans,
N. W., Wyse, R. F. G., & Harbek, D. R. 2007, AJ, 134, 566
Koh, A., et al. 2007d, AN, 328, 652
Koh, A., & MWilliam, A. 2008, AJ, 135, 1551
Koh, A., Grebel, E. K., Gilmore, G. F., Wyse, R. F. G., Kleyna, J. T., Harbek,
D. R., Wilkinson, M. I., & Wyn Evans, N. 2008a, AJ, 135, 1580
Koh, A., MWilliam, A., Grebel, E. K., Zuker, D. B., & Belokurov, V. 2008b,
ApJL, 688, L13
Koh, A., et al. 2008, ApJ, 689, 958
Koh, A. et al. 2009, ApJ, 690, 453
Koposov, S., et al. 2007, ApJ, 669, 337
Koposov, S., et al. 2008, ApJ, 686, 279
Kraft, R. P., & Ivans, I. I. 2003, PASP, 115, 143
Kroupa, P. 1997, New Astronomy, 2, 139
Lanfranhi, G. A., & Matteui, F. 2004, MNRAS, 351, 1338
Lanfranhi, G. A., Matteui, F., & Cesutti, G. 2006, A&A, 453, L67
Lanfranhi, G. A., & Matteui, F. 2007, A&A, 468, 927
Lanfranhi, G. A., Matteui, F., & Cesutti, G. 2008, A&A, 481, 635
Larson, R. B. 1998, MNRAS, 301, 569
Letarte, B. 2007, PhD Thesis, Rijksuniversiteit Groningen
Liu, C., Hu, J., Newberg, H., & Zhao, Y. 2008, A&A, 477, 139
okas, E. L. 2001, MNRAS, 327, L21
okas, E. L. 2002, MNRAS, 333, 697
okas, E. L. 2009, MNRAS, in press (arXiv:0901.0715)
Ma Low, M.-M., & Ferrara, A. 1999, ApJ, 513, 142
Majewski, S. R., Ostheimer, J. C., Kunkel, W. E., & Patterson, R. J. 2000, AJ, 120,
2550
Majewski, S. R., et al. 2007, ApJL, 670, L9
Marolini, A., D'Erole, A., Brighenti, F., & Rehi, S. 2006, MNRAS, 371, 643
Marolini, A., D'Erole, A., Battaglia, G., & Gibson, B. K. 2008, MNRAS, 386,
2173
Martin, N. F., Ibata, R. A., Irwin, M. J., Chapman, S., Lewis, G. F., Ferguson,
A. M. N., Tanvir, N., & MConnahie, A. W. 2006, MNRAS, 371, 1983
Martin, N. F., Ibata, R. A., Chapman, S. C., Irwin, M., & Lewis, G. F. 2007,
MNRAS, 380, 281
Martin, N. F., de Jong, J. T. A., & Rix, H.-W. 2008, ApJ, 684, 1075
31
Mateo, M., Olszewski, E. W., Pryor, C., Welh, D. L., & Fisher, P. 1993, AJ, 105,
510
Mateo, M. L. 1998, ARA&A, 36, 435
Matteui, F. 2003, ApS&S, 284, 539
MConnahie, A. W., & Irwin, M. J. 2006, MNRAS, 365, 1263
MConnahie, A. W., et al. 2008, ApJ, 688, 1009
MWilliam, A., Preston, G. W., Sneden, C. & Searle, L. 1995, AJ, 109, 275
MWilliam, A. 1997, ARA&A, 35, 503
MWilliam, A. 1998, AJ, 115, 1640
MWilliam, A., Rih, R. M., & Smeker-Hane, T. A. 2003, ApJL, 592, L21
Miller, G. E., & Salo, J. M. 1979, ApJS, 41, 513
Monao, L., Bellazzini, M., Bonifaio, P., Ferraro, F. R., Maroni, G., Panino, E.,
Sbordone, L., & Zaggia, S. 2005, A&A, 441, 141
Monelli, M., et al. 2003, AJ, 126, 218
Moore, B., Ghigna, S., Governato, F., Lake, G., Quinn, T., Stadel, J., & Tozzi, P.
1999, ApJ, 524, L19
Morrison, H. L., Harding, P., Hurley-Keller, D., & Jaoby, G. 2003, ApJL, 596, L183
Muñoz, R. R., et al. 2006a, ApJ, 649, 201
Muñoz, R. R., Carlin, J. L., Frinhaboy, P. M., Nidever, D. L., Majewski, S. R., &
Patterson, R. J. 2006b, ApJL, 650, L51
Muñoz, R. R., Majewski, S. R., & Johnston, K. V. 2008, ApJ, 679, 346
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ, 490, 493
Nissen, P. E., & Shuster, W. J. 1997, A&A, 326, 751
Peñarrubia, J., Navarro, J. F., & MConnahie, A. W. 2008a, ApJ, 673, 226
Peñarrubia, J., Navarro, J. F., MConnahie, A. W., & Martin, N. F. 2008b, ApJ,
submitted (arXiv:0811.1579)
Pont, F., Zinn, R., Gallart, C., Hardy, E., & Winnik, R. 2004, AJ, 127, 840
Prohaska, J. X., Naumov, S. O., Carney, B. W., MWilliam, A., & Wolfe, A. M.
2000, AJ, 120, 2513
Qian, Y.-Z., & Wasserburg, G. J. 2007, PhR, 442, 237
Read, J. I., & Gilmore, G. 2005, MNRAS, 356, 107
Read, J. I., Wilkinson, M. I., Evans, N. W., Gilmore, G., & Kleyna, J. T. 2006,
MNRAS, 367, 387
Reddy, B. E., Tomkin, J., Lambert, D. L., & Allende Prieto, C. 2003, MNRAS, 340,
304
Robertson, B., Bullok, J. S., Font, A. S., Johnston, K. V., & Hernquist, L. 2005,
ApJ, 632, 872
Rosenberg, A., Saviane, I., Piotto, G., Apariio, A., & Zaggia, S. R. 1998, AJ, 115,
648
32
Ryan, S. G., Norris, J. E., & Beers, T. C. 1996, ApJ, 471, 254
Sadakane, K., Arimoto, N., Ikuta, C., Aoki, W., Jablonka, P., & Tajitsu, A. 2004,
PASJ, 56, 1041
Salvadori, S., & Ferrara, A. 2008, MNRAS, in press (astro-ph/0812.2151v1)
Sánhez-Saledo, F. J., Reyes-Iturbide, J., & Hernandez, X. 2006, MNRAS, 370,
1829
Shneider, R., Ferrara, A., Natarajan, P., & Omukai, K. 2002, ApJ, 571, 30
Searle, L., & Zinn, R. 1978, ApJ, 225, 357
Shetrone, M. D., Cté, P., & Sargent, W. L. W. 2001, ApJ, 548, 592
Shetrone, M. D., Venn, K. A., Tolstoy, E., Primas, F., Hill, V., & Kaufer, A. 2003,
AJ, 125, 684
Shetrone, M. D., Siegel, M. H., Cook, D. O., & Bosler, T. 2009, AJ, 137, 62
Simon, J. D., & Geha, M. 2007, ApJ, 670, 313
Smeker-Hane, T. A., Stetson, P. B., Hesser, J. E., & Lehnert, M. D. 1994, AJ, 108,
507
Sohn, S. T., et al. 2007, ApJ, 663, 960
Stephens, A., & Boesgaard, A. M. 2002, AJ, 123, 1647
Stoughton, C., et al. 2002, AJ, 123, 485
Strigari, L. E., Bullok, J. S., Kaplinghat, M., Diemand, J., Kuhlen, M., & Madau,
P. 2007, ApJ, 669, 676
Strigari, L. E., Bullok, J. S., Kaplinghat, M., Simon, J. D., Geha, M., Willman,
B., & Walker, M. G. 2008, Nature, 454, 1096
Suntze, N. B., Mateo, M., Terndrup, D. M., Olszewski, E. W., Geisler, D., &
Weller, W. 1993, ApJ, 418, 208
Thielemann, F.-K., et al. 2001, PrPNP, 46, 5
Tinsley, B. M. 1975, ApJ, 197, 159
Tinsley, B. M. 1979, ApJ, 229, 1046
Tollerud, E. J., Bullok, J. S., Strigari, L. E., & Willman, B. 2008, ApJ, 688, 277
Tolstoy, E., Venn, K. A., Shetrone, M. D., Primas, F., Hill, V., Kaufer, A., &
Szeifert, T. 2003, AJ, 125, 707
Tolstoy, E., et al. 2004, ApJL, 617, L119
Unavane, M., Wyse, R. F. G., & Gilmore, G. 1996, MNRAS, 278, 727
van den Bergh, S. 2008, MNRAS, 390, L51
Venn, K. A., Irwin, M. I., Shetrone, M. D., Tout, C. A., Hill, V., & Tolstoy, E. 2004,
AJ, 128, 1177
Walker, M. G., Mateo, M., Olszewski, E. W., Gnedin, O. Y., Wang, X., Sen, B., &
Woodroofe, M. 2007, ApJ, 667, L53
Walker, M. G., Mateo, M., Olszewski, E. W., Sen, B., & Woodroofe, M. 2009, AJ,
137, 3109
Walsh, S. M., Jerjen, H., & Willman, B. 2007, ApJL, 662, L83
33
Wang, X., Woodroofe, M., Walker, M. G., Mateo, M., & Olszewski, E. 2005, ApJ,
626, 145
Wilkinson, M. I., Kleyna, J. T., Evans, N. W., Gilmore, G. F., Irwin, M. J., &
Grebel, E. K. 2004, ApJL, 611, L21
Willman, B., et al. 2005a, ApJ, 626, L85
Willman, B., et al. 2005b, AJ, 129, 2692
Woosley, S. E., & Weaver, T. A. 1995, ApJS, 101, 181
Zinn, R., & West, M. J. 1984, ApJS, 55, 45
Zuker, D. B., et al. 2004, ApJL, 612, L121
Zuker, D. B., et al. 2006a, ApJL, 650, L41
Zuker, D. B., et al. 2006b, ApJL, 643, L103
Zuker, D. B., et al. 2007, ApJL, 659, L21
34
